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METHOD FOR ULTRASOUND VIBROMETRY
USING ORTHOGONAL BASIS FUNCTIONS

phase, and amplitude of the applied voltages, the ultrasonic
Waves produced by the pieZoelectric elements (“transmission
mode”) combine to produce a net ultrasonic Wave focused at

a selected point. By controlling the time delay and amplitude

CROSS-REFERENCE TO RELATED
APPLICATIONS

of the applied voltages, this focal point can be moved in a
plane to scan the subject.
The same principles apply When the transducer is

This application claims the bene?t of US. Provisional
Patent Application Ser. No. 61/209,584 ?led on Mar. 9, 2009,

employed to receive the re?ected sound (“receiver mode”).
That is, the voltages produced at the transducer elements in

and entitled “Orthogonal Frequency Ultrasound Vibrometry,”

the array are summed together such that the net signal is
indicative of the sound re?ected from a single focal point in
the subject. As With the transmission mode, this focused

and is a national phase of International Application No. PCT/
US2010/026676 ?led on Mar. 9, 2010, entitled “Method for

Ultrasound Vibrometry Using Orthogonal Basis Functions,”
incorporated by reference herein.

reception of the ultrasonic energy is achieved by imparting
separate time delays, or phase shifts, and gains to the echo
signal received by each transducer array element.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention Was made With government support under
EB0021 67 and EB002460 aWarded by the National Institutes
of Health. The government has certain rights in the invention.

There are a number of electronic methods for performing a

scanusing a transducer having an array of separately operable
elements. These methods include linear array systems and

phased array systems.
20

BACKGROUND OF THE INVENTION

The ?eld of the invention is coherent imaging using vibra
tory energy, such as ultrasound and, in particular, systems and

The group of energiZed elements is translated along the length
25

methods for shearWave dispersion ultrasound vibrometry

(“SDUV”).
There are a number of modes in Which ultrasound can be

used to produce images of objects. For example, an ultra
sound transmitter may be placed on one side of the object and
sound transmitted through the object to an ultrasound receiver

placed on the other side of the object. With transmission mode
methods, an image may be produced in Which the brightness
of each pixel is a function of the amplitude of the ultrasound
that reaches the receiver (“attenuation” mode), or the bright

30

focusing during the receive mode.
A phased array system commonly employs so-called
35

ultrasonic beam. The system then sWitches to receive mode
after a short time interval, and the re?ected ultrasonic Wave is
40

is a function of the amplitude or time-of-?ight of the ultra

There are a number of Well knoWn backscatter methods for
45

ments are made at successive steering angles, 0, to scan a

signal is proportional to the scattering strength of the re?ec
50

55

60

physically moving the transducer over the subject to perform
a scan it is more common to employ an array of transducer
elements and electronically move an ultrasonic beam over a

region in the subject.
rate voltages (“apodiZing”). By controlling the time delay, or

the entire scan is a function of the time required to make each
measurement and the number of measurements required to
cover the entire region of interest at the desired resolution and
signal-to-noise ratio. For example, a total of 128 scan lines
may be acquired over a sector spanning 90 degrees, With each
scan line being steered in increments of 0.70 degrees.
The same scanning methods may be used to acquire a

three-dimensional image of the subject. The transducer in
such case is a tWo-dimensional array of elements Which steer
a beam throughout a volume of interest or linearly scan a

transducer and the time delay of the received echo signals
locates the pixels to be illuminated. With the B-mode method,

The ultrasound transducer typically has a number of pieZo
electric elements arranged in an array and driven With sepa

re?ected ultrasonic Waves are received. A series of measure

pie-shaped sector of the subject. The time required to conduct

recorded over a period of time. The amplitude of the echo

enough data are acquired from Which a tWo-dimensional
image of the re?ectors can be reconstructed. Rather than

received by all of the transducer elements. Typically, the
transmission and reception are steered in the same direction,
0, during each measurement to acquire data from a series of
points along a scan line. The receiver is dynamically focused
at a succession of ranges, R, along the scan line as the

sound re?ected from the object back to the receiver (“re?ec
tion,” “backscatter,” or “echo” mode).

range of the re?ectors from the transducer. In the so-called
“B-mode” method, the transducer transmits a series of ultra
sonic pulses as it is scanned across the object along a single
axis of motion. The resulting echo signals are recorded as
With the A-mode method and their amplitude is used to modu
late the brightness of pixels on a display. The location of the

phased array sector scanning (“PASS”). Such a scan is com
prised of a series of measurements in Which all of the ele
ments of a transducer array are used to transmit a steered

tioned on the same side of the object as the transmitter and an

tors in the object and the time delay is proportional to the

duced, the pulsing of the inner elements in each energiZed
group is delayed With respect to the pulsing of the outer
elements. The time delays determine the depth of focus Which
can be changed during scanning. The same delay factors are

sound” mode). In the alternative, the receiver may be posi

acquiring ultrasound data. In the so-called “A-mode” method,
an ultrasound pulse is directed into the object by an ultra
sound transducer and the amplitude of the re?ected sound is

of the transducer during the scan to produce a corresponding
series of beams that produce echo signals from a tWo-dimen
sional region in the subject. To focus each beam that is pro

applied When receiving the echo signals to provide dynamic

ness of each pixel is a function of the time required for the
sound to reach the receiver (“time-of-?ight” or “speed of

image may be produced in Which the brightness of each pixel

A linear array system includes a transducer having a large
number of elements disposed in a line. A small group of
elements are energiZed to produce an ultrasonic beam that
travels aWay from the transducer, perpendicular to its surface.

65

plurality of adjacent tWo-dimensional slices.
Recently, an ultrasound technique for measuring mechani
cal properties of tissues called shearWave dispersion ultra
sound vibrometry (“SDUV”) Was developed and described,
for example, in co-pending US. patent application Ser. Nos.
10/956,461 and 11/536,330, Which are herein incorporated
by reference in their entirety. In SDUV, a focused ultrasound
beam, operating Within FDA safety limits, is applied to a
subject to generate harmonic shear Waves in a tissue of inter
est. The propagation speed of the induced shear Wave is

US 8,602,994 B2
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frequency dependent, or “dispersive,” and relates to the

signal processing technique such as Fourier analysis or fast

mechanical properties of the tissue of interest. Shear Wave
speeds at a number of frequencies are measured by pulse echo
ultrasound and subsequently ?t With a theoretical dispersion

for shear Wave speed estimation. The speed of the induced
shear Wave is measured by evaluating the phase shift of the

model to inversely solve for tissue elasticity and viscosity.

shear Wave at a given frequency over a propagation distance.

These shear Wave speeds are estimated from the phase of
tissue vibration that is detected betWeen tWo or more points

cies are then used to ?t to a model to solve for the shear

Fourier transform, or a ?lter such as a Kalman ?lter, and used

Measurements of shear Wave speeds at multiple frequen

With knoWn distance along the shear Wave propagation path.

elasticity and viscosity, such as the Voigt model. The shear

One feature of the SDUV method is the use of a so-called

Wave speed measurements can be ?t With any viscoelastic
model and are not restricted to the Voigt model.

“binary pushing pulse” that alloWs the operation of one single
array ultrasound transducer for both motion excitation and
the echo signal detection. The transducer focuses ultrasound
at one location, the “vibration origin,” to vibrate the tissue of
interest and then electronically steers its focus to another
location, a “motion detection point,” for echo signal vibration
detection. Instead of continuously vibrating the tissue of
interest, the “pushing” ultrasound is turned on during a vibra
tion time period to vibrate the tissue and turned off to provide
a time WindoW for the pulse echo motion detection. When the
pushing pulse is off, a series of short ultrasound pulses is

The SDUV method has great potential to measure the

viscoelastic material properties of stiffening liver tissue in
?brosis or cirrhosis, arterial stiffening due to atherosclerosis,

myocardial stiffening due to dysfunction, and other applica
tions.
The radiation force in SDUV is generated by an ultrasound
transducer that transmits ultrasound Waves in response to, for
example, one of tWo kinds of signals. The ?rst kind of signal
produces an amplitude modulated ultrasound Wave With a
20

transmitted to the motion detection location and a corre

sponding series of echo signals is received and processed to
determine the tissue vibration. This intermittent pulse
sequencing strategy alloWs both the production of a shear
Wave and the monitoring of its propagation at the same time
With a single array transducer.
Tissue mechanical properties such as elastic modulus, or

carrier amplitude modulation is utiliZed, and at 200m When
double sideband and suppressed carrier amplitude modula
25

varies based on physicians’ experience, and is a subjective
tool. Moreover, if abnormal tissue is located deep, With
respect to the skin surface, its detection by palpation is often
dif?cult or impossible. It has been recogniZed that tissue

from the axis of the force, Which can be detected at the same

30

1-10 MHZ. In this case, tWo transducers are required, one for

generating the radiation force With a single frequency com
ponent and another for the detection. The tWo transducers can
be replaced by one transducer array, of Which transducer
elements are divided into tWo groups: one for vibration and
35

shear moduli have high dynamic ranges in biological tissues,
and that these moduli signi?cantly change during a patho
logical process.
Recently, noninvasive methods have been developed to
quantitatively measure both tissue shear elasticity and viscos

tion is utiliZed. Using such method, a continuous vibration of
the tissue is produced, and shear Waves propagate outWards
time. A typical range for the shear Wave frequencies is
50-1000 HZ, While the ultrasound frequencies range from

stiffness, and viscosity are often related to the pathological
state of the tissue. Palpation, an ancient diagnostic tool, is still

Widely used by physicians today to examine patients by
touch. HoWever, the reliability and speci?city of palpation

modulation frequency, mm, and an ultrasound, or carrier, fre
quency, 006. This type of ultrasound Wave produces a force
that has a dynamic component at (nm and 211),", When large

40

another for detection. This process is repeated for several
different vibration frequencies to evaluate the dispersion of
the shear Wave speed.
This method is not Without its draWbacks. One exemplary
draWback is that tWo transducers having tWo different center
frequencies are required because the vibration and detection

ity, simultaneously, using so-called “ultrasound vibrometry”

are operated at the same time. If the tWo transducers have

techniques. One such method uses ultrasound harmonic

similar center frequencies and bandWidth, there Will be inter
ference betWeen the signals used for detection and vibration.
Another exemplary draWback is that measurement time is
prolonged because the responses of the vibration at several
frequencies are measured separately.
The second kind of signal produces tone bursts of ultra
sound energy. Using this second kind of signal, SDUV inter

vibration and pulse-echo ultrasound detection, and is
described by Y. Zheng, et al., in “Detection of Tissue Har
monic Motion Induced by Ultrasonic Radiation Force Using

45

Pulse-Echo Ultrasound and Kalman Filter,” IEEE Trans.

Ullrason. Ferroeleclr. Freq. Control, 2007; 54:290-300. This
method uses the ultrasound radiation force to induce a shear
Wave in a tissue region With a single frequency at a time and
uses the pulse-echo ultrasound to detect the shear Wave

50

propagation. This method requires repetitive measurements

repeated at a period of TP, Which corresponds to a rate, 1;,
equal to l/TP. This method could be thought of as amplitude

for several different harmonics. It also requires simultaneous
vibration and detection that is problematic for practical

modulation With a square Wave With a duty cycle of Tb-fu.
While the ?rst SDUV approach produces a radiation force

implementations.
Another such method is SDUV, Which is referred to above

55

and additionally described, for example, by S. Chen, et al., in
“ShearWave Dispersion Ultrasound V1brometry (SDUV) for
Measuring Tissue Elasticity and Viscosity,” IEEE Trans.
Ullrason. Ferroeleclr Freq. Control, 2009; 56:55-62. As
noted, this method delivers focused ultrasound that generates

60

spectrum should not be confused With so-called “harmonic
imaging” common in medical ultrasound imaging, as, for

example, the frequencies involved With harmonic imaging are
in the megahertZ range. The advantage of this tone burst

shear Wave propagation is detected using ultrasound-based
tude and phase at a speci?ed frequency are extracted using a

that has a single frequency component, the second approach
produces a radiation force at the frequency, fp, and its har
monics. For example, I; may be 100 HZ, and as a result, the
shear Wave harmonic components Would be at 200 HZ, 300
HZ, 400 HZ, and so on. The harmonics in the shear Wave

an acoustic radiation force in a tissue region. The radiation
force induces vibrations in the tissue, as Well as a propagating
shear Wave. The vibration motion created in response to the

pulse-echo measurement methods and appropriate signal pro
cessing techniques for motion detection. The motion ampli

mittently vibrates tissue and detects the vibration over a dis
tance. In this case, a set of N tone bursts of length Tb are

65

method is that it alloWs the use of the same transducer array
for both vibration and detection at different times. It also
measures the tissue response of several harmonics at the same

time.

US 8,602,994 B2
5

6

Despite these bene?ts, this method is also not Without its
drawbacks. One exemplary drawback is that only a small
percentage of received samples carry a signi?cant amount of
vibration signal because the induced vibration quickly dissi
pates in time, and because the period betWeen tWo vibration

other, they do not produce signi?cant interference during
measurements. Furthermore, because the excitation signal is

composed of multiple orthogonal basis functions, the poWer

pulses, or “push pulses,” is too long. Moreover, the duty cycle

of these orthogonal basis functions can be independently
adjusted such that higher poWer levels are attributed to higher
frequency components such that attenuative losses at higher

of the push pulse is very loW and only a feW motion detection

frequencies are mitigated.

samples Will have signi?cant displacement present. Another

It is an aspect of the invention to provide a method for
producing vibratory motion in the form of a shear Wave in a
tissue of interest. The shear Wave is induced in the tissue using

exemplary draWback With this method is that the desired
harmonics are determined by the period of the pulse

sequence; thus, the period must be long enough to produce

tion frequency, 1;, is 156.25 HZ and eight harmonics are

ultrasound energy that is produced by directing an ultrasound
transducer With an excitation signal that is composed of
orthogonal basis functions, such as sine functions. Each
orthogonal basis function has a speci?ed frequency compo
nent, of Which the poWer level is adjustable. The frequency
component of such an orthogonal basis function is herein

desired, the pulse repetition frequency (“PRF”) of the pulse

referred to as an “orthogonal frequency component,” or sim

echo measurements for the motion tracking has to be 2.5 kHZ
or higher. In this example, 1 6 detection pulses are transmitted

ply, an “orthogonal frequency.” As noted above, the fre

harmonics in the hundreds of HZ. On the other hand, a sig
ni?cant number of samples must be acquired Within one
period to satisfy the Shannon sampling theorem and to meet

the Nyquist criterion. For example, if the push pulse repeti

betWeen tWo consecutive push pulses; hoWever, because the

quency component may also include a set of frequency com
20

tissue vibration quickly damps over time, once the excitation

pulse is complete only the ?rst feW detection pulses Will carry
meaningful information about the vibration.
There is a signi?cant amount of interference in isolating
the motion at a speci?c frequency. The vibration induced by

elasticity and viscosity are produced.
25

the periodic pulses includes the fundamental repetition fre
quency, fp, and its entire harmonics. The decrease of the force
amplitude of the higher harmonics can be relatively sloW as
the frequency increases. In the motion estimation process, the
other frequency components interfere With the estimation of
the selected frequency component. This interference also
includes artifacts that can occur from aliasing of the sampled

ponents. Wave speeds are calculated at each of the orthogonal
frequencies present in the induced shear Wave, and from
Which estimates of tissue mechanical properties such as shear
It is another aspect of the invention to provide a method for
SDUV, in Which an excitation signal is designed to direct an
ultrasound transducer to produce ultrasound energy that
induces vibratory motion at several vibration frequencies cor

responding to the orthogonal frequencies in the excitation
signal. Because the excitation signal is composed of orthogo
30

signal Where frequency components above one-half the PRF
can overlap into the frequency range of interest.

nal basis functions, the poWer at high frequencies can be
increased, interference can be minimiZed, and e?icient inter
leaving schemes of motion detection and vibration pulses can
be provided. The produced ultrasound energy is concentrated
in the selected orthogonal frequencies in order to increase the

Weak vibrations at higher harmonics may cause unreliable

vibration ef?ciency While minimiZing poWer beyond the

estimations for tissue shear viscoelasticity. The amplitude of
the force at the nth harmonic frequency is proportional to:

desired bandWidth.
It is yet another aspect of the invention to provide a method
for performing SDUV, in Which the poWer levels of each

sinc(Tb-ny;)

Eqn. (1);

orthogonal frequency component in the excitation signal are
adjustable such that high poWer levels can be used for high

Where sinc(x):sin(rcx)/J'cx is the so-called cardinal sine
function. Thus, the amplitude of the higher frequency com
ponents of the acoustic force is signi?cantly smaller than for
the loWer frequency components. In addition, the tissue tends
to substantially attenuate the high frequency vibrations.

vibration frequencies.
It is yet another aspect of the invention to provide a method
for performing SDUV, in Which an e?icient interleaving
scheme for the vibration and detection using an array trans

These factors can make it dif?cult to measure the shear Wave 45 ducer is utiliZed. This interleaving scheme ensures that

received detection signals are sampled from strong vibrations
before they are attenuated in time, While meeting the Nyquist
criterion required to prevent aliasing. Thus, the vibration and
measurement time required for characterizing tissue in

speed components at higher frequencies.
It Would therefore be desirable to provide a method for

shearWave dispersion ultrasound vibrometry (“SDUV”) that
produces vibratory motion in a manner such that it can be

suf?ciently measured before it dissipates in time, produces
vibratory motion that does not produce signi?cant interfer
ence during measurements, and produces vibratory motion
that can be tailored such that the poWer of higher frequency
components can be independently adjusted to offset attenua
tive losses.

motion are also reduced.

It is yet another aspect of the invention to provide a method
for performing SDUV, in Which a pulse-echo ultrasound
detection method is used for measuring all of the orthogonal
frequency components of the shear Wave at several locations.
55

Because the frequencies are orthogonal, each orthogonal fre
quency of the induced shear Wave can be estimated Without

interference from the other frequencies. Propagation speeds

SUMMARY OF THE INVENTION

at the orthogonal frequencies are calculated using, for
The present invention overcomes the aforementioned

example, Fourier analysis or a fast Fourier transform, or a
?lter such as a Kalman ?lter. Shear Wave speeds at the
orthogonal frequencies are ?t to a dispersion model in order to

draWbacks by providing a method for shear Wave dispersion

ultrasound vibrometry (“SDUV”) in Which vibratory motion
is produced in a subject by directing an ultrasound transducer
With an excitation signal that is composed of orthogonal basis
functions each having a given frequency component or set of
frequency components. Such a method produces vibratory
motion that does not dissipate quickly in time. In addition,
because the frequency components are orthogonal to each

calculate the shear elasticity and viscosity.
It is yet another aspect of the invention to provide a method
65

for performing SDUV, in Which the excitation signal includes
multiple composed vibration pulses in one period of the fun
damental vibration frequency. There are multiple vibration
pulses in the one period. The positions, amplitudes, and

US 8,602,994 B2
7

8

Widths of the pulses are adjusted to maximize the induced
vibration for all harmonics. The method increases the vibra
tion information contents in the all detected samples in one

FIG. 15D is a graphic representation of the frequency spec
trum of the ultrasonic vibration pulses of FIG. 15B.

period of the fundamental vibration frequency.
The foregoing and other aspects and advantages of the
invention Will appear from the folloWing description. In the
description, reference is made to the accompanying draWings

DETAILED DESCRIPTION OF THE INVENTION

In shearWave dispersion ultrasound vibrometry (“SDUV”)
methods, Where a tissue of interest that is buried deeply

beneath other tissues, optical methods for measuring the very

Which form a part hereof, and in Which there is shoWn by Way
of illustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the invention, hoWever, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

small harmonic motions imparted to the tissue cannot be

used. This problem is solved by employing an ultrasound
system, such as an ultrasound imaging system, to interrogate
the tissue of interest With a pulsed ultrasound beam and to
examine the resulting echo signals in order to measure the

phase and amplitude of the harmonic motion imparted to the

BRIEF DESCRIPTION OF THE DRAWINGS

tissue of interest.
FIG. 1 is an illustrative example of an orthogonal fre

SDUV uses focused ultrasound to generate an acoustic

quency excitation signal and its component basis functions;

radiation force in a desired tissue region. The radiation force

FIG. 2 is an illustrative example of another orthogonal
frequency excitation signal formed from the same component

induces vibrations in the tissue as Well as a propagating shear
Wave. The vibratory motion created due to the shear Wave

20

basis functions shoWn in FIG. 1 that have been shifted in

propagation is detected using ultrasound-based pulse-echo

phase;

measurement methods. Intermittent pulses are used to vibrate
the tissue and detect the vibration over a distance. By Way of
example, a set of N tone bursts of length Tb are repeated at a

FIG. 3 is a graphic representation of the frequency spec
trum of the orthogonal frequency excitation signal shoWn in
FIG. 1;
FIG. 4 is a graphic representation of the frequency spec
trum of the shortest duration of the orthogonal frequency
excitation signal shoWn in FIG. 2;
FIG. 5 is a graphic representation of the frequency spec
trum of the longest duration of the orthogonal frequency
excitation signal shoWn in FIG. 2;
FIG. 6 is a graphic representation of an exemplary orthogo

25
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FIG. 7 is a block diagram of an exemplary shear Wave

in Which case the shear Wave harmonic components Will be at
200 HZ, 300 HZ, 400 HZ, and so on. The harmonics in the
shear Wave spectrum should not be confused With “harmonic
imaging” common in medical ultrasound imaging, as those

frequencies are in the megahertz range. The speed of the
induced shear Wave is measured by evaluating the phase shift

nal frequency excitation signal as modulated by a carrier

signal;

period of TP, Which corresponds to a rate, fp, that is equal to
l/TP. The pushing pulses produce a radiation force at frequen
cies of f; and its harmonics. For example, fp may be 100 HZ,

of the shear Wave at a given frequency over a propagation
35

distance according to,

dispersion ultrasound vibrometry (“SDUV”) system that
employs to present invention;
FIG. 8 is a block diagram of an ultrasound system, Which
forms a part of the SDUV system of FIG. 7;
FIG. 9 is a block diagram of a transmitter, Which forms a

CAM) :
40

Where no is the frequency of the shear Wave, Ar:r2—rl is the

part of the ultrasound system of FIG. 8;

distance betWeen motion detection points, and Aq>:q>2-q>1 is

FIG. 10 is a block diagram of a receiver, Which forms a part

the phase shift of the shear Wave. Measurements of shear
Wave speeds at multiple frequencies are ?t to a model in order

of the ultrasound system of FIG. 8;
FIG. 11 is a ?owchart setting forth the steps of an exem

Eqn. (2)

45

plary method for orthogonal frequency ultrasound vibrom
etry (“OFUV”) in accordance With the present invention;

to calculate the shear elasticity and viscosity. An exemplary
model is the so-called Voigt model, Which has the folloWing
form:

FIG. 12 is an illustrative example of an orthogonal fre

quency excitation signal that has had selected portions

removed;

50

FIG. 13 is an illustrative example of an interleaving time

cs :

scheme that interleaves the orthogonal frequency excitation

2% + (0%)

Eqn. (3)

i ;

P(#r + \j #i + (0% )

signal of FIG. 12 With a series of ultrasonic motion detection

pulses directed toWards a single motion detection point;
FIG. 14A is an illustrative example of an orthogonal fre
quency excitation signal that has a centraliZed location in time
that provides a delayed tissue response;

55

FIG. 14B is a graphic representation of the frequency spec
trum of the orthogonal frequency excitation signal of FIG.

14A;

Where pl is the shear elasticity modulus, p12 is the shear
viscosity, u) is frequency, and p is the density of the tissue.
A method for performing SDUV that utiliZes the simulta
neous vibration of tissue With several orthogonal frequencies
is provided. Such a method is herein referred to as orthogonal

60

frequency ultrasound vibrometry (“OFUV”). In OFUV,

FIG. 15A is an illustrative example of a series of composed

vibratory motion in the form of a shear Wave is induced in the

vibration pulses utiliZed to produce vibratory motion in a

tissue using ultrasound energy that is produced by directing

subject;

an ultrasound transducer With an excitation signal that is

FIG. 15B is an illustrative example of a series of ultrasonic

vibration pulses employed With traditional SDUV methods;
FIG. 15C is a graphic representation of the frequency spec
trum of the composed vibration pulses of FIG. 15A; and
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composed of orthogonal basis functions, such as sine func
tions. Each orthogonal basis function has a speci?ed fre
quency component, of Which the poWer level is adjustable.
The frequency component of such an orthogonal basis func

US 8,602,994 B2
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tion is herein referred to as an “orthogonal frequency com

ponent,” or simply, an “orthogonal frequency.” The propaga
tion speeds of the shear Wave at several orthogonal
frequencies are calculated and a quantitative estimation of the

tissue shear elasticity and viscosity is performed. The induced
vibratory motion has desirable features, including concen
trated vibration force at the prescribed orthogonal frequen

Eqn. (7) is derived from the fact that the acoustic radiation

force, F(t) is proportional to ( E(t)) 1, and ( E(t)) Tis propor
tional to the square of the pressure amplitude.

cies; high poWer in high orthogonal frequencies; minimiZed

The phase of the orthogonal basis functions that form the
excitation signal can be adjusted to obtain different shapes of
OFUV Waves. For example, in FIG. 1 the phase of the 100 HZ
sinusoidal Wave 102 is 102 degrees, the phase of the 200 HZ
sinusoidal Wave 104 is —34 degrees, the phase of the 300 HZ
sinusoidal Wave 106 is —65 degrees, the phase of the 400 HZ
sinusoidal Wave 108 is 35 degrees, the phase of the 500 HZ
sinusoidal Wave 110 is 60 degrees, and the phase of the 600
HZ sinusoidal Wave 112 is —20 degrees. HoWever, if the

interference and sidelobes in the frequency-domain; and high
signal poWers for detection. In addition, the OFUV method
alloWs for bene?cial vibration-detection pulse interleaving
schemes and easy implementation.
Tissue is e?iciently vibrated by OFUV vibration Waves
that have a desired spectral distribution that includes several

orthogonal frequency components. As noted above, an exci
tation signal is provided to an ultrasound transducer such that
the ultrasound transducer produced ultrasound energy that

phases of the sinusoidal Waves are changed such that the 100

produces the vibratory motion at the orthogonal frequencies.
The excitation signal is formed of several orthogonal basis
functions, each having their oWn frequency component that is
orthogonal to the others.
By Way of example, the excitation signal is formed by
adding several sinusoidal Waves, of Which the lengths are
multiple integers of their periods. Referring to FIG. 1, an
exemplary excitation signal 100 and its sine Wave compo
nents are illustrated. The excitation signal 100 shoWn in this
example is composed of one period of a 100 HZ sinusoidal
Wave 102, tWo periods of a 200 HZ sinusoidal Wave 104, three
periods of a 300 HZ sinusoidal Wave 106, four periods of a 400
HZ sinusoidal Wave 108, ?ve periods of a 500 HZ sinusoidal
Wave 110, and six periods of a 600 HZ sinusoidal Wave 112.

Orthogonality is achieved by ensuring that the length of each
sinusoidal signal is a multiple integer of its period. The selec
tion of the orthogonal frequencies is ?exible and application

20
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HZ, 300 HZ, and 500 HZ sinusoidal Waves (102, 106, and 110)
have a phase of 0 degrees, and the 200 HZ, 400 HZ, and 600 HZ
sinusoidal Waves (104, 108, and 112) have a phase of —180
degrees, then a different excitation signal is formed, as shoWn
in FIG. 2. The tWo ends of the excitation signal in FIG. 1 are
at the minimum, Which is desirable to obtain a radio fre

quency (“RF”) signal that starts and ends With small values,

thereby minimiZing sidelobes in the frequency domain.
Proper WindoWing in the time-domain Will prevent
30

unWanted energy being lo st to frequency components that are
not of interest, but instead manifest as interference, or side

lobes, in the frequency domain. The exemplary excitation

35

signal shoWn in FIG. 1 is more consistent in time than the one
in FIG. 2, Where there is a large pulse in the middle.
The general equation for the OFUV baseband modulation
function is:

speci?c.
The amplitude of each orthogonal frequency component

N
OFUVU) = z An - 005(271 f,,[ + 0n),

can be increased as the frequency increases in order to com

pensate for attenuative losses at higher frequencies. The

Eqn. (8);
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acoustic radiation force on an object can be de?ned as,

Where the length of time, t, is selected so that the length of
each sinusoidal signal is a multiple integer of its period;

Eqn. (4);

Where F(t) is the radiation force, d, is the drag coef?cient,
S is the surface area over Which the ultrasound energy acts,

45

and ( E(t)) Tis the short-term time average of the ultrasound
energy density. The short-term time average is computed such
that T, the averaging period, is longer than the period of the
ultrasound Wave, but much shorter than the modulation

period, that is,

50
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Where 006 and mm are the carrier ultrasound frequency and

soidal frequency 308, 500 HZ sinusoidal frequency 310, and

frequency components are substantially suppressed.
When selecting sine Waves as the orthogonal basis func
60

tions, the excitation signal having the shortest duration has a
length that is one period of the loWest frequency in the set of
sine waves. In the above example, the shortest length is one
period of 100 HZ sinusoidal Wave, Which is 10 ms, as shoWn

Eqn. (6)

energy density is de?ned as:

Since the frequency components of OFUV Waves are
orthogonal to each other, there is no interference, or stray
signal energy, present at the center of any of the orthogonal
frequencies. This is shoWn in FIG. 3 Where at the centers of
the 100 HZ sinusoidal frequency 302, 200 HZ sinusoidal fre
quency 304, 300 HZ sinusoidal frequency 306, 400 HZ sinu

600 HZ sinusoidal frequency 312 interferences from the other

the modulation frequency, respectively. For an absorbing
medium, the acoustic radiation force, F(t), can be Written as,

Where 0t is the ultrasound attenuation coef?cient and l(t) is
the ultrasound intensity. For a propagating plane Wave, the

fn:n~fb is an integer multiple of a base frequency, fb, Which is

the loWest orthogonal frequency component; and A” and 0”
are the amplitude and phase, respectively, associated With nth
orthogonal basis function.
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in FIG. 1. The spectral distribution 400 of the shortest exci
tation signal corresponding to the one shoWn in FIG. 2 is
shoWn in FIG. 4. Most of the poWer in the spectral distribution
400 is above DC, or 0 HZ, and beloW 700 HZ, Where the

orthogonal frequencies are 100, 200, 300, 400, 500, and 600

